Human carcinoembryonic antigen-related cell adhesion molecule 1 (C?/Au: EACAM1) is a cell-surface signaling molecule involved in cell adhesion, proliferation, and immune response. It is also implicated in cancer angiogenesis, progression, and metastasis. This diverse set of effects likely arises as a result of the numerous homophilic and heterophilic interactions that CEACAM1 can have with itself and other molecules. Its N-terminal Ig variable (Ig V ) domain has been suggested to be a principal player in these interactions. Previous crystal structures of the ␤-sandwich-like Ig V domain have been produced using Escherichia coli-expressed material, which lacks native glycosylation. These have led to distinctly different proposals for dimer interfaces, one involving interactions of ABED ␤-strands and the other involving GFCCC؆ ␤-strands, with the former burying one prominent glycosylation site. These structures raise questions as to which form may exist in solution and what the effect of glycosylation may have on this form. Here, we use NMR crosscorrelation measurements to examine the effect of glycosylation on CEACAM1-Ig V dimerization and use residual dipolar coupling (RDC) measurements to characterize the solution structure of the non-glycosylated form. Our findings demonstrate that even addition of a single N-linked GlcNAc at potential glycosylation sites inhibits dimer formation. Surprisingly, RDC data collected on E. coli expressed material in solution indicate that a dimer using the non-glycosylated GFCCC؆ interface is preferred even in the absence of glycosylation
cer angiogenesis, progression, and metastasis (3) . More specifically, it is known that CEACAM1 is a negative-regulator of cell proliferation and is down-regulated in some tumor cells (4 -10) . Yet, CEACAM1 expression is reported to protect tumor cells from killing by immune cells (11) (12) (13) (14) and it has been found that the high expression level is associated with a number of other cancers (15) (16) (17) (18) (19) . It is likely that this complex set of effects arises as a result of the numerous homophilic and heterophilic interactions that CEACAM1 can have with itself and other members of the CEACAM superfamily. The N-terminal Ig variable (Ig V ) domain of CEACAM1 has been suggested to be the basis of cis and trans homo-dimer formation (20) , as well as interactions with other molecules (21) (22) (23) (24) . There are crystal structures of the Ig V domain expressed in Escherichia coli, which have led to the suggestion of two distinct dimerization interfaces (24, 25) . However, examination of the interfaces suggests that the extensive glycosylation found in native material would inhibit dimer formation in one of these cases. This raises questions about the actual type of dimer found in solution, with and without glycosylation. Here, we use NMR methods to examine dimer structures in solution using a non-glycosylated form expressed in E. coli, and several glycosylated variants expressed in HEK293 cells.
Dimerization of cell surface molecules is a well accepted mechanism for transmitting signals from the cell surface to the interior (26) . In the case of CEACAM1 it is believed that modulation of intercellular adhesion as well as transmission of signals to the cell interior involves switching between cis and trans dimerization interactions. The full-length CEACAM1 molecule is large, sharing a topology with many other cell-surface signaling molecules; the extracellular domain is composed of one Ig V -like domain and typically 3 Ig C2 -like domains; these are followed by a single transmembrane helix and cytoplasmic tails of different lengths (L and S forms) (20) . Hence, subtle changes in the nature of dimerization, which may begin with the Ig V domain, must be transmitted through the entire molecule to reach the cell interior and cytoplasmic tails that contain ITIM signaling motifs. Although it is possible that transmission of cis versus trans interactions may result from changes in inter-domain positions that propagate from the N terminus to the cytoplasmic elements, it is also possible that dimerization involves more direct interactions of other domains. Ig C2 -like domains of some family members are, in fact, believed to contribute to dimer stability in trans interactions (27) and the transmembrane domain of CEACAM1 has been found to promote the cis-dimerization (28, 29) . To further complicate matters, the oligomeric states of CEACAM1 are believed to be diverse and dynamic (30) . This makes it important to investigate in more detail the structural aspects of domain interactions, beginning with the Ig V domain, before extending investigations to other constructs.
The existing crystal structures of the CEACAM1 Ig V domain shows it exhibits a ␤ sandwich topology with nine anti-parallel ␤ strands, designated A, B, C, CЈ, CЉ, D, E, F, and G ( Fig. 1A) . Four of these are on one side of the molecule (ABED) and five (GFCCЈCЉ) are on the other side. The asymmetric unit in an earlier crystal structure led to the suggestion that dimerization occurred via an interface involving the ABED face (25) . More recent structures suggest dimerization occurs via the GFCCЈCЉ face (24) . Supporting this more recent suggestion, interactions involving the GFCCЈCЉ side have been reported to be crucial for various types of biological response, including protection from killing by NK cells. More specifically mutagenesis of Arg-43 and Gln-44 on strand CЈ indicate these residues are critical for protection through a process believed to involve dimer formation (31) . Val-39 and Asp-40 mutations in the CCЈ loop have also been shown to diminish homophilic dimer formation in fulllength CEACAM1 (32) , and this same loop region also seems to be required for intercellular interaction with certain other family members (33) . The recent crystal structure, Protein Data Bank (PDB) code 4QXW, as well as 4WHD, provide direct evidence that contacts between the GF loop and adjacent strands, along with CCЈ loop contacts, can form an interface (24) . How-ever, involvement of the ABED interface in dimer formation, as observed in the earlier crystal structure, PDB code 2GK2 (25) , also has support. In particular, electron tomography data, supported by SPR data suggested both the ABED (parallel) and GFCCЈCЉ (antiparallel) interactions occur (30) . Some observations, particularly those based on the crystal structures, must be taken with caution because material was produced by E. coli expression where glycosylation does not occur. CEACAM1, like other members of this large family, is heavily glycosylated. The Ig V domain alone has three putative N-glycosylation sites, 104, 111, and 115 based on the Uniprot sequence, Uniprot number P13688. We will use numbering that starts after a signal peptide and designate the sites as 70, 77, and 81. Site 70 is in the dimer interface of the x-ray crystal structure 2GK2 (25) and is highly conserved within the family (34) . The authors of this crystal structure did note that the putative N-linked glycosylation site, Asn-70, is located in the dimer interface of 2GK2 and may suppress dimer formation in the presence of glycans. However, there is little site-specific data on the extent of glycosylation in the CEACAM1 preparations used in other studies. Thus, there is substantial reason to further investigate the structure of CEACAM1-Ig V dimers under both well defined glycosylated and non-glycosylated conditions. It is also desirable to carry out these investigations in solution where dimer formation cannot be influenced by crystal contacts. . Nine ␤-sheets are labeled as A, B, C, CЈ, CЉ, D, E, F, and G, and they form two distinct faces, which can participate in dimer formation, ABED and GFCCЈCЉ. The former makes dimerization contacts in the 2GK2 crystal structure and the latter makes dimerization contacts in the 4QXW crystal structure. B, CEACAM1-Ig v constructs with approximate positions of glycosylation shown as high mannose glycans for the initial expression in HEK293S (GnT1 Ϫ ) cells, as a single GlcNAc after endoglycosidase F1 digestion of this product, and as a non-glycosylated asparagine (N) when produced in E. coli. The blue squares and green circles represent GlcNAc and mannose, respectively. Differences in the constructs at the N and C terminus are also denoted.
NMR offers an efficient way to assess dimer characteristics in solution, particularly when a crystal structure is available to provide a monomer structure that is likely conserved in solution. The presence of a dimer can be confirmed or discounted, and many times the actual structural form can be validated based on a limited set of NMR data. A non-glycosylated version of the Ig V domain can be expressed using an E. coli host in media supplemented with [ 13 C]glucose and [ 15 N]ammonium chloride. The resulting uniform labeling allows assignment of most backbone resonances with a minimal set of triple resonance experiments (35) . Glycosylated versions are usually expressed in eukaryotic cells that require media supplemented with a complete set of amino acids. If triple resonance assignment strategies are to be used, isotopically labeled versions of all required amino acids add considerable expense. However, when a pair of glycosylated and non-glycosylated proteins are examined, a limited set of less expensive amino acids labeled only with 15 N can be used, and assignments can be transferred from non-glycosylated to glycosylated sets based on resonance overlap.
We, therefore, have used expression in E. coli to produce a uniformly labeled non-glycosylated protein and expression in mammalian HEK293 cells to produce glycosylated versions of the sparsely 15 N-labeled protein (36) . Three glycosylated forms have been prepared, one wild type, where glycans are large and complex, one expressed in GnT1 Ϫ cells that carries predominantly (Man) 5 -(GlcNAc) 2 glycans, and one in which these glycans are trimmed to a single GlcNAc residue. Once NMR resonance assignments were made on non-glycosylated material and transferred to the glycosylated material, 1 H-15 N HSQC spectra provided a structure-sensitive fingerprint that allowed comparison of the domain structure in the various constructs. They also provided a basis for measurement of rotational correlation times that are sensitive to dimer formation (37) , and for the collection of residual dipolar coupling (RDC) data that are orientation dependent. The latter can more rigorously confirm the retention of the domain structure, as well as distinguish which of the dimer structures seen in crystal structures may be present in solution (38, 39) . Our findings demonstrate that the non-glycosylated form exists as a dimer involving the GFCCЈCЉ interface in solution, but minimal glycosylation inhibits all types of dimerization. These observations open many questions about the roles that glycosylation may play in the presence of other domains, and in interactions of CEACAM1 with other cell-surface molecules.
Results
Aggregation State of Non-glycosylated CEACAM-Ig V -A 15 N-1 H spectrum of the E. coli expressed, uniformly labeled, sample is shown in Fig. 2A . The cross-peaks are well dispersed and occur in numbers consistent with that expected for the 120-residue construct (112 of the expected 115, not counting prolines). The dispersal and peak count is typical of a well folded protein, and the significant proportion of cross-peaks in the low field region of the spectrum (8.5-11 ppm) is consistent with a substantial ␤-sheet content. Triple resonance experiments, as described under "Experimental Procedures," allowed the assignment of 75/112 of the backbone resonances. Given the existence of a crystal structure and alternate means of assessing the preservation of this structure in solution, this level of backbone assignments is adequate, and full side chain assignments were not pursued.
Rotational correlation times provide a convenient means of detecting the presence of a dimer under the conditions of NMR data collection. For overall protein rotation, one expects correlation times in nanoseconds to be about one-half the effective molecular mass in kDa when measured at 298 K in dilute aqueous solution. This relationship can be derived from the Stokes formula for rotational Brownian diffusion. For a CEACAM1-Ig V monomer, therefore, a correlation time of about 6.5 ns is expected; for a CEACAM1-Ig V dimer 13 ns is expected. There are several NMR methods available for measurement of correlation times. We have used a method based on interference between 15 N relaxation contributions from chemical shift anisotropy and dipole-dipole mechanisms (37) . This has an advantage over T 1 /T 2 measurements in that it is less sensitive to chemical exchange effects. Residue-specific correlation times for 67 well resolved cross-peaks are presented in Fig. 2B . The average correlation time over this set is 12 ns, close to the value expected for a dimer. Correlation times can be reduced for residues with significant levels of internal motion and it is acceptable to exclude these when evaluating a correlation time for overall tumbling of a molecular complex. Excluding those below 9 ns gives an average of 12.5 ns. Hence, at the concentrations of our NMR experiment (150 M) non-glycosylated versions of CEACAM-Ig V appear to be dimers.
Aggregation State of Glycosylated CEACAM1-Ig V -The glycosylated versions of CEACAM1-Ig V were expressed in mammalian (HEK293) cell cultures producing large and complex wild type glycans (FreeStyle TM 293-F cells, Thermo Fisher Scientific) or cultures that lack the ability to extend to full complex type structures (HEK293S (GnT1 Ϫ )) (40). The latter cell line produces glycans of predominantly the (Man) 5 -(GlcNAc) 2 type. These high mannose glycans can also be trimmed to a single GlcNAc residue producing a third type of sample. Compared with the fully complex and high mannose forms of glycosylation, which are heterogeneous, we felt it important to initially work with a more homogeneous sample containing single GlcNAc residues at the three potential glycosylation sites. MS analysis indicated that all three sites were highly glycosylated. In particular, the Asn-70 site was more than 62% glycosylated with a single GlcNAc.
Uniform isotopic labeling of glycosylated proteins is extraordinarily expensive, and for our purposes only sufficient sites for rotational correlation time determination and verification of basic domain structure is required. Labeling of glycosylated samples, therefore, proceeded with a single labeled amino acid. [ 15 N]Alanine was chosen because the alanine sites are fairly numerous (7) and they are well dispersed throughout the structure. 15 N was chosen so that HSQC cross-peaks could be directly compared with cross-peaks from the uniformly labeled sample.
Alanine resonances of the minimally glycosylated sample are superposed (red cross-peaks) with cross-peaks of the uniformly 15 N, 13 C-labeled CEACAM1-Igv expressed in E. coli in Fig. 2A . Only six alanine cross-peaks are observed in the minimally glycosylated sample. However, one alanine is near the N terminus of both species and amide protons in these largely disordered regions can exchange rapidly leading to peak broadening or intensity loss due to exchange with partially saturated water protons. All of the remaining 6 peaks superimpose well with alanine cross-peaks in the spectrum of the uniformly labeled sample.
HSQC spectra are frequently used as structural fingerprints, with shifts in cross-peak position of several tenths of a ppm in the proton domain and several ppms in the nitrogen domain indicating changes in secondary structure. The close superposition of cross-peaks in the HSQC spectra between the nonglycoylated E. coli expression product and the minimally glycosylated mammalian expression product argues strongly for preservation in solution of the domain structures seen in the crystal structures. Ala-71 is adjacent to the glycosylation site Asn-70, but even here the deviation is small. Ala-49 and Ala-55 are located in the GFCCЈCЉ dimer interface (more specifically the CЈCЉ motif). Ala-12 and Ala-71 are in the ABDE interface (more specifically AB and DE loops). Ala-12 shows the largest shift between glycosylated and non-glycosylated versions, but even this is small. Cross-peaks can move upon dimer formation, but changes tend to be smaller than any change in secondary structure, so differences in chemical shift provide no definitive evidence for a change in aggregation state.
Even though a small number of sites are labeled in the glycosylated versions, the number is adequate to determine a rotational correlation time for the protein. The individual correlation times for alanine residues in glycosylated and non-glycosylated versions are compared in Table 1 . Excluding Ala-100, which appears to be affected by internal motion, the average correlation time for the sample with single GlcNAc residues at a concentration of 150 M and 298 K, is 8.5 ns. The value of 8.5 ns is near that expected for a monomer. The fact that it is a little 
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larger than expected may partly reflect the added mass of the monosaccharide residues and partly some dimerization. Also included is a correlation time measurement for this protein preparation at 300 M. The fraction of dimer in the weak association limit is expected to increase as the square of the concentration and the effective correlation times should increase proportionately. The moderate increase (to an average of 10.3 ns) upon doubling the concentration supports a low dimerization constant. A sample with (Man) 5 -(GlcNAc) 2 glycosylation at 150 M gave an average correlation time of 9.3 ns. This may again reflect the bulk of the larger glycans, but could also suggest that larger glycans may promote some dimerization. This led to our testing of the wild type sample having complex N-glycans. The average correlation times observed are 14.2 and 15.4 ns, at concentrations of 150 M and 1 mM, respectively. It is tempting to conclude that this increase in correlation time reflects increased mass resulting from dimerization. However, the mass also increases with the additional glycosylation. The most abundant wild type glycans, as assayed by mass spectrometry on a similarly expressed sample, have 11 or 12 sugar residues. If these are representative of all glycans, and all three sites are 100% occupied, glycosylation would add more than 8000 Da to the molecular mass. A linear dependence of correlation time on molecular weight would then lead to a prediction of a 11-ns correlation time if we use the 6.5-ns figure for a monomer and 14 ns if we use the 8.5-ns figure for a monomer. Our observations show only a slightly larger correlation time and little concentration dependence, both of which argue against dimer formation. Given that the linear dependence of the correlation time on molecular weight is only an approximation, we cannot definitely exclude restoration of dimerization in the presence of complex glycans, but the weight of the evidence argues against this.
The cross-correlation time measurements were also performed for mutants L18R and I91R of the non-glycosylated form to affirm the involvement of the GFCCЈCЉ interface in dimer formation. Leu-18 is in the middle of the ABED dimer interface as seen in the 2GK2 crystal structure and the residues on the respective monomers appear to participate in a favorable hydrophobic interaction. Replacement of this pair with a pair of positively charged arginines should result in strong repulsion and disruption of an ABED dimer if it formed in solution. Ile-91 is in the middle of the GFCCЈCЉ interface and appears to play a similar role in hydrophobic stabilization of the dimer as seen in the 4QXW crystal structure. Replacement of these residues with arginines should result in disruption of the GFCCЈCЉ dimer if it formed in solution. These mutations were generated for the non-glycosylated E. coli expression product and the average C for the L18R and I91R mutants are 12.2 and 5.4 ns, respectively. The specific values for various alanines are listed in Table 1 . According to Stokes law, the 5.4-ns correlation time suggests that mutant I91R is a monomer and L18R is a dimer, implying that GFCCЈCЉ is more likely the dimer interface.
Structural Characterization of the CEACAM1-Ig V Dimer-RDCs between 15 N-labeled amide nitrogens and directly bonded amide protons provide a good means of comparing structures found in solution to existing x-ray structures. These couplings measure the average of (3cos 2 -1), where is the angle between the inter-nuclear vector and the magnetic field in which data are collected. They do require partial ordering of the molecule, usually less than 0.1% departure from isotropy, and a minimum of 5 measurements is needed to assess the extent, anisotropy, and direction of this ordering. Adequate data can clearly be obtained for the uniformly labeled non-glycosylated protein. In this case, two media were used to help in identifying a symmetry axis for any symmetric dimers present. Bacteriophage and PEG C12E5 provided appropriate orientation and 59 and 55 measurements on assigned cross-peaks were obtained in the respective media as described under "Experimental Procedures." Several of these measurements were excluded based on their association with regions of the protein showing high internal mobility (i.e. loop regions as identified from the crystal structures and low correlation time regions). The REDCAT software package was used, along with the 2GK2 and 4QXW monomer structures, to solve for the best set of order parameters describing the extent, anisotropy, and direction of alignment (41, 42) . These parameters were used to backcalculate RDCs for comparison to experimental data. A correlation plot is shown in Fig. 3A with fits to both phage and PEG data. The Q factors of 0.30 and 0.29 are typical of agreement between solution NMR structures and x-ray structures that have root mean square deviations for backbone atom positions between 1.8 and 2.5 Å (43) . Thus, at least the domain structure of CEACAM1-Ig V seen in the 2GK2 and 4QXW structures is maintained (44) .
Beyond retention of domain structure, the orientation of the principle alignment frame that results from analysis of RDCs can provide information on the direction of the dimer symmetry axis. The orientations of alignment axes are conveniently displayed in the Sauson-Flamsteed plot shown in Fig. 3B . The clusters of points shown for each axis (x, green; y, blue; and z, red) are shown as light and dark shades of these colors for the two media. Note that the axis directions are different for the y and z axes in the two media reflecting differences in the types of interaction and nature of media particles (neutral disks and negatively charged rods for PEG and phage, respectively). The clusters for the x-axis overlap significantly. A symmetric dimer must have one of the alignment axes fall along the symmetry axis of the dimer, for any alignment medium used (38) . The overlap of the x-axis identifies this as the symmetry axis. Once this axis is known, generating a model for a symmetric homodimer is relatively straightforward. Two copies of the monomer structure are loaded into appropriate molecular modeling/display software (Chimera (45)) with the symmetry axis along one of the display axes (usually z). One monomer is then rotated 180 degrees about this axis, and translated in a plane perpendicular to this axis, to produce a dimer structure. An appropriate scoring function, or some independent surface perturbation data, is usually used to identify the best dimer interface. However, in our case we have two potential dimers from the existing crystal structures and wish to identify the one that best fits our data. Therefore, a potential dimer (PDB codes 2GK2 or 4QXW) was superimposed on the rotated and un-rotated pair by matching C␣ carbons of one-half of the dimer to the un-rotated monomer, and the rotated monomer was translated to make an interface as close as possible to that seen in the crystal structure. A SEPTEMBER 16, 2016 • VOLUME 291 • NUMBER 38
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grid search with step sizes of 1 Å in the plane perpendicular to the symmetry axis was then executed starting at this point and extending to 5 steps in each direction to generate a viable model. Models were first eliminated based on lack of a sufficient number of contact atom pairs (less than 3) and the existence of severe clashes (more than 1). For this purpose two atoms i and j with an inter-atom distance less than r vdw i ϩ r vdw j ϩ 1 Å are considered a contact pair, whereas they are considered to clash when the distance between them is smaller than r vdw i ϩ r vdw j Ϫ 1 Å (45, 46) . Energies for the remaining models were calculated using the minimize function in Chimera tools with the number of steps set to zero. Fig. 4 shows dimers with the lowest energy superimposed with dimer structures from PDB files 2GK2 (Fig.  4A ) and 4QXW (Fig. 4B ). Clearly the solution dimer built on 4QXW has the best fit. The contact pairs in the 4QXW dimer interface, Ile-91 and Leu-95, Gln-44 and Leu-95, are preserved in the modeled dimer and the calculated root mean square deviation for the backbone is 1.0 Å. However, the symmetry axis of 2GK2 is distinct from the one calculated from RDC and the backbone root mean square deviation of the lowest energy structure is 19.7 Å.
RDCs have also been measured for the alanines in the single GlcNAc version, but 6 measurements are marginal for determination of the orientation of an alignment frame. However, the measurements for alanines in glycosylated and non-glycosylated versions can be compared directly. If the same dimer structure had been preserved in a molecule with a single GlcNAc at potential glycosylation sites, one would expect at most a simple scaling of RDC values between samples. RDCs 
. Non-glycosylated CEACAM1-Ig V dimers constructed by rotation of monomers about the symmetry axis identified from RDC data. A,
the rotated monomer has been translated to produce a model (shown in blue) with a best match to the dimer interface shown in the crystal structure 2GK2. B, the rotated monomer has been translated to produce a model (shown in red) with a best match to the dimer interface dimer shown in the crystal structure 4QXW. In each case the crystal structure dimers are shown in gray.
One monomer of the model has been matched to a monomer in the crystal structure to depict the deviation in the position of the second monomer. The backbone root mean square deviation between the non-superimposed monomer is 19.7 Å in A and 1.0 Å in B. The glycosylation sites are represented in ball-and-stick mode for the asparagine residues. are compared in Table 2 . The deviations are larger than expected, supporting a change from dimer to monomer structure. Hence, glycosylation inhibits dimer formation, but the dimer structure that it inhibits is not the one with the obviously buried glycosylation site, but the one involving the GFCCЈCЉ interface.
Discussion
Our finding that in the absence of glycosylation the dimer formed uses the GFCCЈCЉ surface, rather than the ABED surface is at first surprising. For one thing, had we observed a dimer using the ABED surface, the inhibition of dimerization upon glycosylation would have been easy to rationalize. The ABED face hosts the Asn-70 glycosylation site and addition of a glycan could easily inhibit dimerization by steric hindrance. The dimer structure we find, the one from the 4QXW crystal structure that uses GFCCЈCЉ surface, places all three glycosylation sites well away from the interface, and it is more difficult to explain why the addition of single GlcNAc monosaccharides inhibits dimer formation.
Also the previous EM and SPR data suggesting the involvement of both ABDE and GFCCЈCЉ surfaces in dimerization needs to be explained (30) . These prior studies used material derived from expression in HEK293 cells, which should be glycosylated, but we see no evidence of any strong dimer in the presence of glycosylation. However, the latter studies used constructs with multiple domains rather than the isolated Ig V domains we used, and the additional domains could have contributed to dimer formation. Participation of additional domains in cis interactions of CEACAM1 is clearly supported (28, 32, 47) .
There are pieces of evidence that do support the GFCCЈCЉ dimer as the major dimer form in solution. An examination of changes in solvent accessible surface (SAS) upon formation of the two dimers provides a rationale in favor the formation of a GFCCЈCЉ dimer. Solvent accessible surface values of 1192 versus 808 Å 2 were observed for the GFCCЈCЉ and ABED dimer models, respectively. Also, upon further inspection of the crystal structure that led to the suggestion of an ABED dimer, a GFCCЈCЉ dimer interface can also be found when molecules in adjacent unit cells are examined. This, along with the observation of similar GFCCЈCЉ dimers for E. coli expressed material for CEACAM5 (48) and CEACAM6 (49) , supports our observation of a GFCCЈCЉ dimer for CEACAM1 in solution.
Our observation that minimal glycosylation inhibits dimer formation of even the GFCCЈCЉ dimers is surprising, given that the glycosylation sites are well removed from the dimerization interface. In addition to the SPR and EM data cited above, which showed dimerization for HEK cell-expressed material that should have been heavily glycosylated, studies by Watt et al. (32) , using mutagenesis and adhesion between cells overexpressing different CEACAM1 constructs and immobilized CEACAM1-Fc, identified the GFCCЈCЉ face of the terminal domain of CEACAM1 as important for interaction. These studies used CHO cells, which should have produced highly glycosylated forms of CEACAM1. However, these studies also used multiple domain constructs. Interestingly, in the same study employing a construct having just the N-terminal, transmembrane and short cytoplasmic domain showed negligible adhesion, opening the possibility that Ig C2 domains participate or in some way facilitate dimerization.
There is also some direct support for the hypothesis that glycosylation inhibits dimerization. For example, in vitro adhesion assays reported by Watt et al. (32) show that a glycosylated N-terminal domain alone cannot form a tight dimer in vitro. More recent studies involving heterodimer formation between CEACAM6 and CEACAM8 show a decrease in binding affinity for isolated Ig V domains when comparing glycosylated to non-glycosylated preparations (49) . There was also a change in apparent stoichiometry when using glycosylated material, indicating that some glycoforms may more strongly inhibit dimerization.
We now must consider how minimally glycosylated sites that are far from the dimerization surface could inhibit dimerization. One possibility is that a local effect is propagated by protein structure. Glycosylation site Asn-81 is in a helical turn at the beginning of ␤-strand F and adjacent to Asp-82, which forms a salt bridge with Arg-64 and seems to be necessary for stability and dimerization (32) . Also, Ala-71, which is adjacent to the Asn-70 glycosylation site and shows a small change in chemical shift on glycosylation, makes a strong hydrophobic contact with Tyr-31, a residue on ␤-strand C, an integral part of the GFCCЈCЉ dimer interface.
We cannot completely dismiss the possibility that dimerization may be restored in the presence of certain types of complex glycosylation. Our wild type sample carries a very heterogeneous set of glycans. Certain glycans are terminated with multiple negatively charged sialic acids, but these glycans are present in only a fraction of the structures. Hence, the possibility exists that electrostatic interactions of these glycans could stabilize the formation of a dimer. Asn-81 is sufficiently close to the dimer interface for the termini of an attached complex glycan to reach a positively charged patch composed of four arginines and two lysines, Lys-35, Arg-38, and Arg-43 that runs across the base of the dimer. Glycanglycan interactions are also known to occur, particularly in sialic acid-terminated glycans in which bridging by divalent cations can be important (50) . If such interactions exist, variation in glycosylation could be an important modulator of signaling the cis and trans homotypic interactions that appear to affect cellular function. It is now possible to engineer homogeneous glycans into glycoproteins so that some of these possibilities can be tested (51) .
The potential involvement of glycosylation in homotypic interactions of CEACAMs, even if they are only inhibitory, sug- gests there may also be impacts of glycosylation on heterotypic CEACAM1 interactions. These interactions are quite numerous, including those that are physiologically important and those that involve pathogen proteins. Recently, it has been found that the Ig V domain can interact with an immune regulator domain (T-cell immunoglobin domain and mucin domain  3, TIM-3) , which shares a similar tertiary structure with CEACAM1-Ig V (24) . Although the initial structure of a heterodimer reported has been withdrawn, NMR and SPR data confirm the existence of an interaction (59) . TIM-3 is a negative immune regulator involved in T-cell dysfunction occurring in cancer and chronic viral infection. Opacity (Opa) proteins from organisms such as Neisseria meningitidis and Neisseria gonorrhoeae use CEACAM1 as a receptor and appear to reduce antibody production as a consequence of this interaction (25) . Mutagenesis suggests that Opa proteins target the interface that forms homo-and heterotypic dimers with other CEACAMs. Inhibition of normal interactions with TIM-3 may play a role here. It will clearly be important to extend studies to multiple domain constructs. As discussed above, additional domains are believed to contribute to cis interactions. Also, understanding the mechanism of signaling is important. Both outside-in and inside-out cytoplasmic signaling are known (28) . Propagating signals by domain-domain interactions may be essential (30, 54) . Some of the NMR methods used here, RDCs, for example, are well suited to the investigation of domain-domain interactions (55) . As all of these domains are heavily glycosylated, it will be important to study these constructs with defined glycosylation patterns.
Experimental Procedures
Protein Expression and Purification-A sample of the CEACAM1-Ig V domain uniformly labeled in 13 C and 15 N was produced in E. coli to obtain a protein lacking glycosylation and allowing resonance assignment using triple resonance NMR methods. A pET28b expression vector that encodes a C-terminal His tag form of CEACAM1 was prepared using E. coli codon optimization for residues 34 -141 of CEACAM1 (Genscript, China). This was used to transform E. coli BL21(DE3) in a 10-ml starter culture in LB media. When cell density A 600 reached 0.8, isopropyl 1-thio-␤-D-galactopyranoside was added to a final concentration of 0.5 mM to induce expression. Cells were grown at 25°C in 1 liter of M9 minimal media containing 1 g of [ 15 N]ammonium chloride and 2 g of [ 13 C]glucose (Cambridge Isotope Laboratories). Cells were harvested after culture for 16 h. The protein was isolated from inclusion bodies and unfolded in 8 M urea. It was isolated using a Ni 2ϩ -NTA column and refolded by rapid dilution in 10 mM Tris, pH 8.0. The protein was further purified using a Superdex-75 gel filtration column and eluted with 10 mM Tris, pH 8.0. Protein from fractions with A 280 greater than 100 milli-absorbance units was concentrated to ϳ200 M using Centricon tubes with a 3000 MWCO cut off. Total yield was ϳ10 mg.
Samples of glycosylated CEACAM1-Ig V , sparsely labeled with a selected 15 N-labeled amino acid (alanine in the present case), were prepared by mammalian cell expression in either FreeStyle TM 293-F cells (Thermo Fisher Scientific, Waltham MA) for expression with wild type glycans or HEK293S GnTI Ϫ cells (ATCC catalog number CRL-3022) for expression with primarily (Man) 5 -(GlcNAc) 2 glycans. HEK293S GnTI Ϫ cells were maintained using EX-CELL 293 serum-free medium (Sigma) in a humidified CO 2 platform shaker incubator at 37°C. FreeStyle TM 293-F cells were maintained in a culture media mixture containing 9 parts FreeStyle TM 293 expression media (Thermo Fisher Scientific) and 1 part EX-CELL media in a humidified CO 2 platform shaker incubator at 37°C. An expression construct encoding the Ig V domain 1 of human CEACAM1 (residues 34 -141, UniProt P13688) was prepared essentially as described previously (56) . Briefly, the coding region was codon optimized for human cells and synthesized by GeneArt AG (Regensburg, Germany) and subcloned into the pGEn2 expression vector (CEACAM1-pGEn2). The expression product from this construct contains an N-terminal sequence that signals secretion into the medium, followed by an His 8 tag, AviTag, the "superfolder" GFP, the recognition sequence of the tobacco etch virus protease, and the protein of interest. A 500-ml suspension culture of HEK293S (GnT1 Ϫ ) cells, which produces predominantly (Man) 5 -(GlcNAc) 2 glycosylation was transfected with CEACAM1-pGEn2 plasmid DNA using polyethyleneimine (Polysciences, Inc., Warrington, PA) as previously described (57) . Transfection of FreeStyle TM 293-F cells with the CEACAM1-pGEn2 plasmid was performed under identical conditions to result in complex-type glycosylation of the recombinant product. For metabolic labeling of the HEK293 cell cultures with [ 15 N]alanine, cells were transfected as described above, and 16 h after transfection the medium was exchanged for FreeStyle TM 293 expression medium (Thermo A protein production phase of 5 days at 37°C was followed by centrifugation of the conditioned medium to remove cells. The culture supernatant was subjected to Ni-NTA Superflow chromatography (Qiagen, Valencia, CA) followed by elution in 25 mM HEPES, 300 mM NaCl, 300 mM imidazole, pH 7.0. Fractions containing fluorescence from GFP were pooled and concentrated to 1 mg/ml using an ultrafiltration pressure cell membrane (Millipore, Billerica, MA) with a 10-kDa molecular mass cutoff. The CEACAM1-GFP construct was digested with purified recombinant tobacco etch virus protease and re-applied to the Ni 2ϩ -NTA column to allow collection of the product in the flow-through fractions. The resulting peptide sequence is identical to the E. coli expressed version except for the linker GSGG left at the N terminus from the tobacco etch virus cleavage site and the absence of the His tag at the C terminus. Neither the N nor C terminius are near suggested dimer interfaces and should not contribute to differences in dimerization tendencies.
To produce a sample with minimal glycosylation the purified protein expressed in HEK293S (GnTI Ϫ ) cells was treated with endoglycosidase F1, which cleaves between the two core GlcNAc residues and truncates glycans to a single GlcNAc residue. Fig. 1B shows the result of this processing. Both of the processing enzymes were generated in house, using standard E. coli expression procedures. The CEACAM1-Ig V samples were further purified by Superdex 75 chromatography (GE Healthcare Life Sciences), with the bulk of the material eluting at a point consistent with a monomer of ϳ12-kDa molecular mass. Peak fractions of CEACAM1 were collected and concentrated to 1 mg/ml using an ultrafiltration pressure cell membrane. The overall yield was 2 mg/liter for [ 15 N]alanine-labeled CEACAM1 from HEK293S (GnTI Ϫ ) cells and 26 mg/liter of [ 15 N]alanine-labeled CEACAM1 from FreeStyle TM 293-F cells. Mass spectrometry analysis showed the product to be 81% 15 N enriched at alanine sites. Additional glycan analysis was carried out in the CCRC Analytical Facility. MS/MS analysis of the tryptic peptide containing all three glycosylation sites showed a single GlcNAc residue at sites 70, 77, and 81 with percentage occupancy of 62.4, 65.1, and 63.2%, respectively. Assuming independence of sites 95% of proteins have glycosylation at least one site.
NMR Experiments-Three-dimensional NMR experiments including HNCO, HN(CA)CO, HNCA, HNCACB, and CBCA-(CO)NH were used for sequence-specific backbone resonance assignment of the uniformly labeled E. coli expressed product. Data from these experiments were collected on a 200 M sample in 10 mM Tris buffer at 30°C, pH 8.0, containing 10% D 2 O using a 600 MHz Varian/Agilent spectrometer equipped with a 5-mm triple resonance cryo-probe. NMR data were processed by NMRPipe (58) and analyzed by SPARKY software (52) . 67% of all backbone resonances and 48% of C␤ resonances were assigned in this manner. For the [ 15 N]alanine-labeled glycosylated protein, assignments were made by overlap of cross-peaks with alanine cross-peaks in uniformly labeled material. In all cases shifts between the two preparations were small enough to allow definitive assignment. Assignments have been deposited in the BMRB with accession number 26803.
All RDC experiments were carried out at 25°C on a 900 MHz Varian/Agilent spectrometer equipped with a cryoprobe. The 15 N-H RDCs were measured from TROSY-based J-modulation experiments by varying a modulation delay from 0.5 to 14 ms (53) . The protein was aligned in 4% alkyl polyethylene glycol detergent (PEG-C12E5, Sigma) or 13 mg/ml of bacteriophage Pf1 (ASLA Biotech). These two media, one with high surface charge and one with a neutral surface usually provide different orientations of alignment frames, and complement one another in determining symmetry axes for symmetric dimers (38) . The deuterium splitting for the protein in these two media were 13 and 15.8 Hz, respectively, indicating a significant level of ordering. The order tensor solutions and the principle alignment frame were determined using the program REDCAT (42) .
The backbone rotational correlation times were extracted for each of the assigned 15 N backbone sites using shared constanttime cross-correlated relaxation experiments (SCT-CCR) (37) . These experiments allow a direct measure of rotational correlation times for N-H bond vectors, relatively independent of effects from remote protons and chemical exchange. For rigid parts of the backbone they reflect correlation times for overall protein rotation. The SCT-CCR experiments were carried out using a Varian/Agilent 800 MHz spectrometer equipped with a triple resonance cryogenic probe at 25°C. 
